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ABSTRACT

The topoisomerase Ill gene ( top3*) from Schizosac-
charomyces pombe was isolated and a targeted gene
disruption ( top3::kan®) was used to make a diploid
strain heterozygous for  top3*. The diploid was sporu-
lated and the top3:: kanR spores went through four to
eight cell divisions before arresting as elongated,
predominantly binucleated cells with incompletely
segregated chromosomes. This demonstrates that
top3* is essential for vegetative growth in fission
yeast. The aberrant chromosomal segregation seen

in top3:: kanR cells is unlike the ‘cut’ phenotype seen

in mitosis-defective mutants and so we refer to this
phenotype as ‘torn’. A deletion mutant, rad12-hd
(rad12 is a homolog of Saccharomyces cerevisiae
SGS1), partially suppressed the lethality of top3
mutants. A point mutant, rad12-K547I, which presum-
ably eliminates helicase activity, also suppresses the
lethality of tfop3 mutants, demonstrating that the
lethality seen in  top3- cells is most likely caused by
the helicase activity of Rad12. This double mutant
grows very slowly and has much lower viability
compared to rad12-hd top3 :: kanR cells, implying that
the helicase activity of Rad12 is not the only cause of
top3- lethality. The low viability of  radl12- top3-
mutants compared with radl2 single mutants
suggests that Top3 also functions independently of
Rad12.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. AF126287

Escherichia coliTopo Ill removes negative supercoils, an
activity that also requires ssDNA in the substrate (3). More
recently it was shown thd&.coli RecQ helicase activity stimu-
lates Topo Il to fully catenate plasmid DNA (4). RecQ heli-
case was shown to bind closed circular DNA, presumably
creating a single-stranded region for Topo Il to catenate
double-stranded (ds)DNA molecules. The presence of a single-
stranded region in the DNA substrate was not sufficient to
stimulate catenation by Topo lll, supporting a specific require-
ment for RecQ helicase in this reaction (4).

Eukaryotic Topo lll is a type | topoisomerase and a member
of the E.coli type | topoisomerase family, which includes
E.colitopoisomerases | and Il (1,5-7). The first description of
Topo Il in eukaryotic cells came from a screen of hyper-
recombination mutants isaccharomyces cerevisig&). A
mutant was isolated that showed hyper-recombination as well
as slow growth. In addition, this mutant was found to be sterile.
Isolation of the gene revealed that it shared homology with the
E.coli topAandtopB genes (the genes coding for topoisomer-
ases | and Ill, respectively). This homology was confirmed by
the ability of the bacterialopA gene to complement the slow
growth phenotype of the yeast mutant (7). These data, along
with the finding that the gene shared no homology with other
eukaryotic topoisomerase genes, led the authors to name it
TOP3 In vitro, the TOP3gene product was shown to weakly
relax negatively but not positively supercoiled DNA (5). These
investigators also observed that Topo Ill has a strong prefer-
ence for binding to ssDNA and that it is a relatively weak
topoisomerase. Their studies also considered the activities of
E.coli topoisomerases | and 11l and concluded that biochemi-
cally it is more similar to bacterial Topo Ill. In mice, Topo llI
is widely expressed in several tissues (2,8). Extremely high
levels of Topo Il MRNA were detected in mouse testis begin-
ning some 12-14 days after birth. Knockout mice die as

The exact role of topoisomerase Il (Topo Ill) in cells is not embryos, suggesting that Topo Il is an essential gene in early
completely understood. Originally discovered in bacteria, itmouse development (6).
has now been shown to exist in other organisms, including A screen for extragenic suppressors of tio@3 mutant

humans and mice (1,2). Bscherichia coli Topo Ill has been

phenotype irS.cerevisiaded to isolation of a gene designated

shown to possess potent decatenating activity, particularl@GS1 for slow growth suppressor (9). Two-hybrid studies
when single-stranded (ss)DNA is present in the molecules (35howed that the gene product 8GS1linteracts with both
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Table 1.Schizosaccharomyces porgigins used in this study

Strain (laboratory) name Genotype

972 (SZ06) h-s

rad12:hd (SZ36) h-S, ade6-210leul-32 ura4-D1§ rad12:ura4

top3/top3:kark (SZ107) h*Nh-Sura4-D18/ura4-D18leul-32/leul-32adeM210/adeM216op3:kmx/top3
rad12-hd top3karR (SZ109) h-S, ade6-210leul-32 ura4-D18 rad12:ura4*, top3:kmx

FC584 (SZ106) h*Nh-Surad/ura4 leul-32/leul-32adeM210/adeM216

rad12-K5471(Sz2123) h-S, ade6-210leul-32 ura4-D18 rad12-K547I

rad12-K5471 top3karR (SZ124) hS ade6-210leul-32 ura4-D18 rad12-K547] top3:kmx

All the strains are isogenic to 972, except the SZ109 diploid strain, which was usedap8elisruption experiment.

topoisomerases Il and Il (9,10). Sgs1 was shown to be a hellethality. Finally, rad12 mutants do not completely restore
case of the RecQ family (9,10). Ercoli, loss of RecQ helicase viability in top3 mutants, demonstrating that Top3 may also
has been associated with increased illegitimate recombinatidanction independently of Rad12.

(11). In association with other mutations, RecQ mutants are

UV sensitive and have greatly reduced homologous recombj-

nation (12,13). Sgs1l is three times the size of RecQ, possessirlYlgATERIALS AND METHODS

additional sequences both N- and C-terminal to the centralljedia and strains

located helicase. This family has since been expanded 'ﬁledia The sporulation medium was EMM with no nitrogen,

include the humarBLM and WRN genes (associated with :
Bloom's and Werner's syndromes, respectively), humansupplemented as appropriate. YEA was 30 g/l glucose, 5 g/l

! o yeast extract and 75 mg/l adenine. Minimal medium was 1.7 g
RECQ (hRECQ and two other recently identified human %LyeaSt nitrogen base (Bufferad) and 5 g (WSO, supple-

genes containing recQ helicase domains (14-19). The physic : : .
association between Topo Ill and Sgs1 suggests a functiong eenr:%deVggrezgfgéﬂla?ézcgfhzg;\%?s@ eucine and 7qug/mi

relationship between these two proteins, where Sgsl creates

prodgcts whose resolution depends on Topo lil. Th's. SU99€%strains Al strains used in this study are shown in Table 1.
tion is based on the fact that the slow growth seen in Top3-
deficient cells is suppressed by loss of the Sgs1 helicase.  Plasmids and strain constructions

In the fission yeaﬁchizo;saccharomyces pomtieradl2  cioning of S.pombe topZDNA. A partial cDNA for top3
gene (also referred to agh1* andhusZ) has been isolated and \ya5 jsolated by PCR amplification of a 292 bp fragment using
shown to be another member of the RecQ helicase familyegenerate primers (Top3¢p&nd Top3sp3 based on two
tion-sensitive mutants (22) and was independently isolated as5p3 genes. (All oligonucleotides used in this study are
husZ in a screen for hydroxyurea (HU)-sensitive mutationsshown in Table 2.) The template wasug of plasmid DNA
(23). Our interest imad12" began with the finding that the jsolated from &.pombe&DNA library. The PCR product was
rad12-502mutant has reduced levels of Uvel aC'[IVI'[y, a UVSequenced and the results used to Searcs_llbm'nb@enome
damage endonuclease (2/gd12 cells are UV- and-radia-  database at the Sanger Center. This search identified a cosmid
tion-sensitive as well as sensitive to HU (20,_21,23)._ In addi{c16g5) containing a probabkep3 gene. Likely exons and
tion, radl2 mutants show chromosomal instability andintron boundaries were identified by comparing the open
demonstrate a defect in exiting a HU-induced checkpointeading frames from this cosmid with the sequenc®.oérevi-
(20,21). This defect was manifested in cells as missegregateghe TOP3.

chromosomes where DNA is seen stretching between paired To isolate a full-length cDNA, Jug of a S.pombecDNA
nuclei in elongated cells. Because of the relationship of Sgsfibrary was used as template for PCR amplification ud?fig

and Top3, we sought to understand whether a similar associgolymerase (Stratagene) and primers (CTOPA and cTOPD)
tion existed between Rad12 and Top3SmpombeHere we  predicted to bracket the complete coding regionagf3". The
describe the isolation o%.pombe top3and show that it is products were gel purified, digested witkca and Sal, and
essential. Interestingly, the phenotype that we observe iploned into pBluescript (Stratagene). The resulting cDNA,
top3:karR cells is reminiscent of the chromosomal missegre-designated pMM1, was completely sequenced using oligonu-
gation seen imad12 cells upon exit from S phase checkpoint cleotide primers, whose sequences were based on the genomic
arrest. To distinguish this phenotype from ‘cut’, where thesequence.

septum splits the nucleus, we suggest the term ‘torn’ to

describe this phenotype, referring to the ripped appearance tp3- genomic cloneA library made by partiaHindlll diges-

the chromosomes and the absence of an obvious septumtion of S.pombegenomic DNA was screened with a radio-
these cells. We further show that the lethalitytop3:kam®  labeled probe for clones containingpp3* sequences. A
cells is suppressed nad12 mutants and present evidence thatplasmid (pgTOP3) identified in this screen was shown to
the lethality is partially dependent on Rad12 helicase activitycontain the entirdop3' gene by restriction analysis and by
although helicase activity alone may not fully explain thePCR amplification of the 'send, middle and'3end of the gene
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Table 2. Oligonucleotides used in this study

Oligonucleotide Sequence Purpose

Top3sp% TGCCAGTTYCCHACNCTBGGCTTT® Degenerate oligo used to isolatsp3"

Top3sp3 CTGTTCKWGGATAAGAWATRAAMCC® Degenerate oligo used to isolatsp3"

cTOPAd AAGGCAGTCCATGGCTATGCGCGTCCTATGTGTTGCTG Primes dtATG of top3+ to make full-length cDNA
cTOPDY CCGCGAAGTCGACCTAGGTTTGCGGTTCATTATGAC Primes at &op oftop3" to make full-length cDNA
cTOPY® ATGCGCGTCCTATGTGTTGC Verify genomic clone

cTOP3 GTGATGATTTGAGCATCG Verify genomic clone

cTOP1? CGGGACAGATGCTACTATG Verify genomic clone

TOP3ver2 ACGGATCCAACTCAAGATG Verify genomic clone and TOP3 disruption
cTOPY CCAAAGGAGCCGAAACG Verify genomic clone

cTOP13 GGATCATATGAACTAGAAC Verify genomic clone

top3cNotl ACGAGGCAGCGGCCGCGACGCTTAAAAACGAAAG Createp3' disruption

top3dSpel CGATGCACACTAGTGGCTTCCGTAATAA Createp3 disruption

top3e GGTTAATCGCACCTCC Createp3' disruption

top3f CTTGGATATTGCACACC Creatéop3 disruption

TOP3verl CGGCTGCAAGGTCTTCGTC Verifypp3' disruption

Kanl GCGGCGTGGGGACAATTC Verifyop3' disruption

KanRev CCTCGACATCATCTGCCC Verifyop3' disruption

@The degenerate oligonucleotides were designed using the codon Sgmaibe
by=c+t;h=a+c+t;n=a+c+t+g;b=c+t+g.
‘w=a+tr=a+g;m=a+c.

4These oligonucleotides were designed usingtp8cDNA sequence.

using paired primers cTOP1/cTOP3, cTOP11/TOP3ver2 andiOP3ver2 and KanRev. The diploid strain was allowed to
CcTOP9/cTOP13, respectively. pgTOP3 was further digestedporulate by streaking onto sporulation medium. Tetrads were
with BarrHI to eliminate sequences downstream of the genegissected on YEA plates.

creating pgTOP3b. Restriction analysis showed that pgTOP3bThe rad12-hd top3kar? and rad12-K5471 top3karR
contains 316 bp of genomic sequence upstream of the AT@ouble mutants were made by transformiragl12-hd and
start codon and 123 bp downstream from the TAG stop codomad12-K547| respectively, withNot-digested pTop3Kmx.
Transformants were selected for on rich medium in the pres-
ence of G418. Confirmation of the disruption was carried out
The top3" gene was disrupted with the kanamycin resistanc®y PCR analysis.

gene under the control of the TEF promoter (25). The 3
sequences of theop3' gene, from nucleotide 1298 to 2261,
were PCR amplified using primers top3cNotl and top3dSpelOvernight cultures grown in rich medium were diluted

Construction of the top3 disrupted strains

Growth kinetics

This 963 bp fragment was subcloned into tBmad site of
pBluescript, amplified, cut from there witBcdR1/Spée (as a
618 bp fragment as there is an interiabR| site at nucleotide
1643) and cloned into thecdRl andSpe sites downstream of

~1:1000 and allowed to grow at 30 for ~14 h. The experi-
ment was started when there werex-2( cells/ml. Beginning

at time 0 and then at each hour for the next 8 h, 1D6f cells
was placed in 1 ml of isotonic solution and counted in a Coulter

the kan’ gene in plasmid pFA-kanMX4, creating pkanMX4- counter. The particle size cut-off was set gif. Each time

top3.3 (25). This plasmid contains th&.coli transposon

point was counted three times. Fold increase was calculated as

Tn903 kan fused to the transcriptional and translationalrelative to the first time point, time 0. Plots are averages of

control sequences of the TEF gene of the fundushbya
gossypii The 3-upstream region ofop3f, from —951 to —25,

three independent experiments.

was PCR amplified using primers top3e and top3f. This 933 bjy otographs of mutant cells

fragment was cloned into téma site of pBluescript, ampli-
fied, then excised from there wiBarmHI/Sal and cloned into
theBglll and Sal sites upstream of thear® gene in pkanMX4-
top3.3. The final construct was designated pTop3Kmx.
The disruption cassette was cut from pTop3Kmx vitbd

Diploid top3:karf were plated on sporulation plates and incu-
bated for 48 h at 3. Asci were scraped from the plates and
resuspended in 1 ml sterile water with | glusulase.
Following incubation for 8 h at 3@, spores were plated onto
rich medium plates and incubated for 36 or 72 h atG0At

and was used to transform the diploid strain FC584 (F. Chand)6 h a mixture oftop3* andtop3:karR colonies were scraped
as described (26). Positive colonies were selected for on riclhom the plates and resuspended in water, fixed in ethanol and
medium containing Geneticin (G418; Gibco). Several coloniestained with DAPI at 0.25.ug/ul. At 72 h microcolonies,

were isolated. Proper disruption tfp3" was confirmed by

assumed to bwop3:karR, were plucked from the plates, fixed

PCR. The 5junction was confirmed using primers TOP3verland stained with DAPI. All of thead12 single mutant and
and Kanl and the'3unction was confirmed using primers rad12 top3double mutant strains were also examined by
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fluorescence microscopy following DAPI staining. Cells were
prepared from cultures grown to mid-log.

RESULTS

Identifying S.pombe top3

To isolate the gene fdop3" in S.pombewe first used degen-
erate oligonucleotides as primers (Top3sadd Top3sp3 to
PCR amplify a fragment aop3" using a cDNA library as the

template. The oligonucleotide sequences were based on tw ANETE YGYCQFPTLG
. . . H SEGA YGICOFPTLG!
highly conserved amino acid sequences in the human an : : ‘ m

S.cerevisiae TOP8enes. We then sequenced the products o
these PCR reactions and used the sequences to search
S.pombegyenome database at the Sanger Centre. This seart
identified a cosmid, cl16G5 (GenBank accession no.
AL023554) from chromosome Il, which contained a probable
S.pombe tophomolog. Using the genomic sequence data, we
developed primers to amplify a full-lengtbp3" cDNA using EZI;‘ZQ
plasmid DNA generated from a cDNA library as template. The cerev
cDNA was fully sequenced and the data compared with thé numan
genomic sequence to check for fidelity. The coding sequenc: o>
(GenBank accession no. AAD22485) was used to identify the
five introns intop3* (Fig. 1). i
The complete genomic sequencetap3’ from ATG to the cerev
stop codon is 2203 bp and the complete coding sequenc ruman
(including the stop) is 1869 bp, which translates to a predictec 22722
protein of 622 amino acids of ~71.2 kDa. BLAST searches of
the GenBank database reveal t8giombd& op3 shares signifi- E‘;’;@Z
cant sequence homology with topoisomerases in organisn rezev
ranging from bacteria to humans (Table 3). An alignment of #uman
S.pombeTop3 with human and.cerevisiags also shown in ~ 22™°
Figure 1. Note that the human protein is larger, with 30 addi-
tional amino acids at the N-terminus and extending 350 amin
acids longer at the C-terminus.

cerev

O3 1 EAVARAKKRDERLACKHFGHGTIILAQOEDI YPAMPEPTRKCP 659
LEKQ FDSK NS CREMYLMEHNRPQT -~~~ == ————————— 622

D)
K A~~~ @KNTLLERDRVKASH—-— = === - === === 656

Eigure 1. Comparison of the fission yeast, human &derevisiadop3 amino
acid sequenceschizosaccharomyces pombep3 is 622 amino acids long,
. . . comparable to the length &.cerevisiadgopo Ill, which contains 656 amino
Dissectingtop3 function acids. While both share significant homology with human topo Ill, the human
To investigate the role of Top3 i8.pombeells, we created a Egit:éna:?elzggjé:g}lrsm?ma;g:iitsylong. Black boxes show areas of identity and gray
top3 null mutant. We began by disruptingpp3" with a '
selectable markekarR, the gene for kanamycin resistance,
under control of the TEF promoter (25). The disruptionand top3:karR cells was examined by fluorescence micro-
construct, designed to pkar in place of nucleotides —25 to  scopy. Many cells appeared to be unable to properly segregate
1643 of g_enqmlctop_s* (Fig. 2A), was used to tranjsform their chromosomes (Fig. 3B-D). These cells were elongated
S.pombediploid strain FC584. Transformants (designatedyng often binucleated and sometimes had DAPI stained
top3/top3:karf) were selected for on rich medium containing i terial strung out between the paired nuclei. The appearance
G418 and spe9|f|c integration of thearf marker at thetop3" of DNA in these cells was reminiscent of what is seen in
Ioc_:rl:]s Wﬁs confirmed bg. PICF(; I d | rad12 cells upon exit from a cell cycle checkpoint-induced

e heterozygous diploid was allowed to sporulate an.%rrest (20,21). The chromosomal aberrations se@pisr cells

tgtrad analysis showed 2:0 segregation (Fig. ZB)'. In thI:Eiiffer from those described in ‘cut’ mutants where abnormal
picture, four out of 12 tetrads give only one colony. This result

: : ; romosomal segregation arises when the septum cuts through
was seen in several experiments, showing reduced spof greg P 9

viability in the top37/top3:karR diploid heterozygote. Micro- e nucleus. In Figure 3 there are no visible septa bisecting the
scopic examination of the spores which failed to form colonie€€llS: rather, the DNA appears to be tom apart and so we
showed that the cells stopped dividing after approximately fouP™OP0Se to call this phenotype ‘torn’. Cells grown for 72 h had
to eight cell divisions, indicating thaop3' is essential for Progressed to forming visible colonies. Microcolonies,
vegetative growth ir§.pombeTo better understand the causePresumed to bdop3:karf, were plucked from plates and

of cell death intop3- cells, DAPI stained cells were examined Stained with DAPI. These cells had more pronounced morpho-
by fluorescence microscopy. Th®p3/top3:karR diploid logical changes, with more severely fragmented chromosomes,
strain was sporulated and treated with glusulase to release indicentric nuclei and often had DAPI stained material scattered
vidual spores. To see early events, cells were scraped frothroughout the cell (Fig. 3E—H). We cannot dismiss the possi-
plates that had been incubated for 36 h. This mixtureop8  bility that some of the morphological abnormalities seen in
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Table 3. Comparison of topoisomerase 3 in various organisms

Organism/gene Identity Similarity? Region of similarity (no. of amino acids) Genbank accession no.
Saccharomyces cerevisiae TOP3 44% 60% 654 P13099

HumanTOP3 42% 63% 600 Q13472

MouseTOP3 42% 63% 598 BAA25662
Caenorhabditis elegans TOP3 40% 60% 623 AAC13567

Drosophila melanogaster TOP3  34% 53% 591 AAD13219

Arabidopsis thaliana TOP3 30% A47% 610 AAD15404

Bacillus subtilis TOP1 23% 41% 532 P39814

Escherichia coli TOP1 24% 42% 444 P06612

aThe percentages of identity and similarity betw&pomb& op3 and its homolog in the corresponding organism.

these cells are simply late events occurring in dying cells. p
Nonetheless, these results demonstrate that cells lacking Top: top3* gene
undergo aberrant chromosomal events.

-951 ATG 1 2 3 4 5 TAG
; ; | | %
Suppression oftop3- lethality WM i N TR v

As previously reported, the slow growth tdp3 mutants in

S.cerevisiags suppressed by mutations in t8&Si1gene, the

homolog ofS.pombe rad1®2 To investigate whether a similar top3* disruption

relationship exists inS.pombe we deleted thetop3' gene £
(top3:karR) in arad12mutant strain, in which the entire heli- 7
case domain and C-terminus of Rad12 were deleted (namec sar Bglll Ecorl ¥ VI spet
rad12-hdfor helicase deletedyad12-hdhas been previously
referred to asad12:ura4* and was made by replacing nucleo-
tides 1360-3462 ofadl2" with ura4" (21; Fig. 4A). The
double mutantrad12-hd top3karR was viable but did not
grow as well as thead12-hdsingle mutant (Fig. 5).

To ask specifically if it was the helicase activity of Rad12
that was responsible for the lethality wfp3 mutants, a point
mutation in the ATP binding domain ehd12was made. The
mutation, rad12-K547| is within the helicase domain and ¥ o0 LN ¢ &
results in an isoleucine substitution at the invariant lysine at ees o008 S0
amino acid 547 (Fig. 4A). This lysine is conserved in all of the
RecQ helicases that have been sequenced and is part of the
Walker A-type nucleotide binding box. This region of the heli-
case domain has been shown to be important for Rad12 activity
as the originatad12-502mutation is a T- | change at position
543 (27). Thead12-502mutant suppresseésp3- lethality but
our previous data suggested that it may retain low activity and
so we chose to make thad12-K547Imutation. In previous
studies, this lysine was shown to be essential in the hydrolysis
of ATP and substitution of this lysine abolished helicase anttigure 2.top3' is an essential gened] PCR-generated fragments from tHe 5
ATPase activity in a number of helicases, including RecQ (28.and 3-ends oftop3" were Iigate_d onto either side of thkar _gene_within the
32). Substitution of arginine for this lysine allowed ATP PFA-kanMX4 plasmid creating pTop3Kmx. The disruption cassette
bindina but blocked hvdrolvsis of ATP and therefore helicas topa.k_arf*) was cut out of the plgsm_ld WltNoﬂ and was used to dlsru‘pt the

h g_ -~ y y ! . enomictop3' gene in &S.pombadliploid strain. Black boxes represent introns
activity in S.cerevisiadRAD3 protein (32), demonstrating the (1-5), white boxes are exons (I-V1) and striped boxes show intergenic regions.
need for a positively charged residue at this position for ATPrhe kanamycirgene(kari) is flanked by control sequences of the TEF gene
binding. Changing this lysine to isoleucine should block ATPE et 2 e e evealed a 2.0 secregaton where on
hydr0|y5|s and helicase activity. anSBtent with thS, thetwo spores were viable in each tetrgd. Some tetrads are s?]ov?m here with onIyy
rad12-K5471 mutant grew slowly (Fig. 5), supporting the one viable spore.
notion of deficient helicase activity. Theadl2-K547I
top3:kar® double mutant was viable, demonstrating that the
helicase activity of Rad12 causes lethalitytap3 mutants of We then quantitated the differences in growth rates by
S.pombe However, this mutant had lower growth rates andstudying growth kinetics for each single and double mutant
reduced plating efficiency compared with thedl12-hd and comparing them with the growth of wild-tyf&pombe
top3:karR double mutant (Fig. 5 and Table 4). (972). Growth studies were carried out in three separate
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Fate oftop3 cells

In addition to cell growth, we also measured cell viability. In
three separate experiments cells were grown &30 YEA to
mid-log and counted. Based on the cell count, an aliquot of
each culture was diluted and 200 cells were plated onto YEA
plates. The plates were incubated for 3-5 days and counted. A
summary of the results are shown in Table 4. The viability is
calculated as the fraction of cells that formed colonies (i.e. no.
of colonies/no. of cells plated). The average viability for wild-
type cells was 90%. Each of tmad12 single mutants showed
significantly lower viability; 44% forrad12-hdand 18% for
rad12-K547I The viability decreased for each double mutant,
dropping to 19% forad12-hd top3karR and to only 7% for
rad12-K5471 top3karR. These viability results parallel the
results of the growth studies, in that the viability of each strain
was comparable with the growth rate. Thus, of the mutants,
rad12-hdhas the highest viability with the fastest growth rate
andrad12-K5471 top3karR has the lowest viability with the
slowest growth rate. What these results suggest is that the
decrease in growth is not due to cells dividing more slowly, but
to more cells dying.

In addition, we fixed and DAPI stained cells from each of the
single and double mutants and examined them by fluorescence
microscopy. Photographs of these cells are shown in Figure 6.
These photographs show that in all mutant strains there is a
mix of normal and elongated cells. In addition, some cells have
evidence of fragmented chromosomes, revealed by multiple
fluorescent spots. Chromosomal fragmentation is typically
seen in elongated cells. The strains with the highest proportion
Qﬁ;"f 3(-3’:(:';?5“;5;265’;]00?’\/ ’;‘ii%sfgcéﬁﬁggégrggiizﬁgf15217;0:5'2-”(1 of cells having altered morphologies are those with the slowest
treate}c/ipwith glusulase. Then éporez Werz blated and aIIoweg to grow on YE/QEeII growth ,and lowest plating efficiency. Thus, comparison of
plates. After 36 h colonies were too small to isolate individually so cells werd@d12-hdwith rad12-K5471 top3 karR shows thatrad12-hd
scraped from the plates, fixed and stained with DABHD). These photo-  has relatively few abnormal appearing cells while meag/12-
gfaphs Sh?W at m_ixltur% ?ﬁpg and Totp?aika;ﬁ Ce”fs-hNOTe the ethaf‘tUC_lela_f t K5471 top3:karR cells are elongated, with smaller cells also
e o et " ontaining some aberrant chromosomal features such as extra-
top3:karf, were isolated, fixed and staine-H). Here the cells have amuch nuclear DAPI stained material. Thus, those cells with
more severe phenotype, with very elongated cells and very fragmented fluore@bnormal morphologies are likely to account for the cells
cent material. In many cells no nucleus is apparent and instead what appearsjithich are dying. There are a greater number of abnormal
be chromosomal material is dispersed throughout the cell. appearing cells imad12 top3double mutants compared with

rad12single mutants, but the abnormalities appear similar.
experiments where all strains were grown simultaneously. The
cells were grown at 3 in YEA with shaking. An overnight
culture was grown starting with a dilution that would allow DISCUSSION
cells to reach mid-log by morning. An aliquot of cells was How do cells mutated intop3' die?

diluted 1:100 and counted in a Coulter counter. We carried out o )
preliminary readings in the range of concentrations needed fofh€ findings presented here demonstrate thatdp@ gene is

these studies using the Coulter counter and showed that it gagéifglgzng\f’?;t?}}f gar-?(g:? gilplgng;:g?egéﬁtse:gcﬁsr
identical cell counts to those obtgined manually- using a hem()]-_Fc))p3 are capablepof di\F/)idi.ng butpafter a feV\; generationsgcell
cytometer. Cell growth was monitored by counting cells every rowth stops. This would aprear to be a function of accumu-

hour for 8 h. T.he data were very cons.|ste.nt both within ancf ted chromosomal aberrations and not due to depletion of a
between experiments. As can be seen in Figure 5 and Ta}bler maining supply of active Top3 from thtep3' allele of the
both of therad12 single mutants grew slower than the wild- qinj6id. This is based on observing Top3-deficient cells for
type. Of theserad12-hdgrew better than the point mutant 30 after sporulationtop3/top3:kar® diploid cells were
rad12-K547| with doubling times of 2 h 23 min and 2 h gjjowed to sporulate and dissected into tetrads. Forty tetrads
33 min, respectively. Whetop3" was disrupted imad12-hd  were followed microscopically for 30 h. What we observed
growth slowed only slightly (the doubling time increased fromwas that elongated cells appeared throughout the growth of
2 h 23 min to 2 h 39 min). In contrast, growthiad12-K5471  colonies, as early as the first cell division. This demonstrates
top3:karf was severely reduced, with a doubling time of 3 hthat the effects of loss of Top3 on cells were immediate and not
43 min, which represents a 70 min increase in doubling time. delayed, as would be expected if a supply of Top3 were being
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Figure 4. Mutations inrad12" suppress the lethality @dp3mutations. Theéop3" gene was disrupted in two separeaed12mutant backgroundsad12-K547land

rad12-hd to show that loss of Rad12 helicase activity restores viabilitytiop&:karR mutant. @) Schematic of the twoad12 mutants. The striped box indicates
theura4* gene withinrad12" creatingrad12-hd The 2102 bp between th&ndlll sites (H) were removed and thea4* gene inserted on a 1.8 kindlll fragment.
rad12-K547Iwas created by mutating the invariant lysine (K) at position 547 to an isoleucine (I). The helicase domain is indicated in gray and the Walker A-box
in black. B) Wild-type (972) and mutant strains were streaked onto YEA plates and incubated for 2—-3 dayG.at 30

Table 4. Growth characteristics gad12- andrad12 top3- mutants

Strain Average doubling time  Growth rate relative to 972  Growth rate double/singléability (colonies/cells plated) (range)
rad12 top3" (972f 1h52min - - 0.897 (0.72-1.16)

rad12-hd top3 2h 23 min 78% - 0.312 (0.25-0.46)

rad12-hd top3kmx 2h 39 min 70% 90% 0.189 (0.08-0.25)

rad12-K5471 top3 2h 33 min 73% - 0.18 (0.15-0.22)

rad12-K5471 top3kmx  3h 43 min 50% 69% 0.07 (0.05-0.08)

aThe growth rate double/single corresponds to the growth of the double nmatHi# top3- relative to its corresponding single mutaat12-.
bThe viability (colonies/cells plated) corresponds to the plating efficiency.
¢In this study 972 is used as the reference strain.

depleted. Also, some colonies accumulated as few as 6—2ibserved in DAPI stained dividing cells, where the bulk of the
cells where others grew to as many as several hundred befoBNA can typically be seen to have separated but some DNA is
growth ceased. If active Top3 was being titrated out we wouldeen strung out between the two nuclei. This is the same
predict a more uniform number of cells to accumulate in eaclappearance that DNA has in DAPI stainamh3:karR cells
colony. The assumption thabp3 mutants die as a result of seen in Figure 3B-D. We assume that this extranuclear DNA
accumulated chromosomal aberrations is based on the obserezcurs as a result of unsegregated sister chromatids, similar to
tions seen in DAPI stained cells. what was described imad12" mutants upon exit from an

It was previously demonstrated thatrad12* mutants, chro- induced S phase checkpoint arrest, where this was attributed to
mosomal aberrations are readily visualized in cells exiting & defect in the suppression of recombination (20). In these cells
cell cycle checkpoint arrest (20,21). These aberrations werdere is no evidence that the septum is cleaving the nucleus.
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972

rad12-hd

rad12-K5471

FOLD INCREASE
-]

rad12-hd top3::kan®

® rad12-K5471 top3::kan™

TIME

Figure 5. Growth kinetics. YEA was inoculated with each strain at a cell con-
centration that overnight yielded logarithmic growing cultures of similar cell
concentration (0.% 10°~2.0x 10°) the next morning. Aliquots of cell suspen-
sions were taken every hour for 7 h and the cell count determined at each time
point in a Coulter counter. The plot shows the average of three independent
experiments. In some cases the error bars are smaller than the symbol and <
are not visible. (Square), 972; (filled triangledd12-hd (filled circle), rad12-
K547I; (open triangle),rad12-hd top3kar®; (open circle),rad12-K547
top3:karR.

We refer to this phenotype as ‘torn’ to distinguish it from the
‘cut’ phenotype that occurs i8.pombecells mutated inop2

or in one of thecut genes (33_36)' MlcrOCO|0m_eS formed on Figure 6. Fluorescence microscopy showing the morphologies of the single
p!ates grown fOI‘_ 3 days, _presumed to h_ﬂpa-karﬁ WEr€  and double mutants. Cells were isolated, fixed and stained with DAPI from
picked with the aid of a microscope. Multiple colonies weremid-log cultures of each strain. It is clear that the increased severity and fre-
picked, stained with DAPI and examined microscopically (Fig.auency of nuclear abnormalities and cellular morphologies parallels the sever-
3E-H). Here we see that the chromosomes appear vef ©f thephenotype interms of growth and viability

degraded with cells having unusual and elongated shapes.

DAPI stained material is seen throughout, suggesting frag-

mented chromosomes. While it is likely that some portion Ofd!v!d_ing V.V”d'pre cells. Since cell length is a reflection of cell
these alterations are attributable to loss of Top3, these cells dvision time inS.pombewe conclude that these mutants have

also dead. Therefore, we cannot rule out the possibility tha & same, or very similar, doubling times as wild-type cells.
some of the chaotic appearance in these cells is typical of any it the Rad12 helicase activity that causes cell death in
dying cell. Nonetheless, it would appear thaGmpombecells  top3- cells?

lacking Top3 die as the result of an inability to properly segre- . : L
gate their chromosomes. Finally, it is interesting to note th Our results, showing that the lethality seen top3:kart

reduced spore viability in dop3/topa:kar® heterozygous $nutants is suppressed imad12- background, are reminiscent

SO . . f the results ir5.cerevisiagvhere the slow growth phenotype
diploid (Fig. 2B). Comparatively, it had also been reported tha ; -
null mutations of TOP3in S.cerevisiaalisplay a pleiotropic f @ top3 mutant is suppressed insgs1mutant background

h includi lation def 9 (9). These results suggest that the phenotypes associated with
phenotype including a sporulation defect (). loss of Top3 occur because this topoisomerase is needed to

Cell viability and growth kinetics resolve some intermediate that is g_enerated t_)y the_RecQ heli—

) ) case activity of Rad12 or Sgs1. This conclusion is in conflict
In this study we have used two parameters to quantitate thgith the results of one report i.cerevisia¢37). In that study
ability of rad12 mutants to suppress the lethality of cells SGSiwas mutated at the invariant lysine in the ATP binding
lacking Top3. Growth kinetics measure the rate of increase igdomain within the Walker A-box which is known to
cell number in a culture in log growth from which we can completely block ATPase and helicase activity. This mutant,
calculate an average doubling time. Plating efficiency is ags1-hg was shown to completely lack helicase activity.
measure of cell viability, where we plate a specific number okgs1-hdwvas transformed into ags1 top3ouble mutant on a
cells from a mid-log culture, incubate the plates for 3-5 daysplasmid. The transformed cells were shown to behave as if
and count the number of colonies formed. These two measuréhey were wild-type foSGS1i.e. the cells grew slowly. These
ments are not independent and in fact the slow growth in thesgata demonstrate that it is some function other than the helicase
mutants may be due to reduced cell viability. As seen in Figuréhat is responsible for the suppression of Top3 activity in
6, dividing cells in the mutant strains are similar in size toS.cerevisiae
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In our studies, we used twad12 mutants to suppredsp3  is completely suppressed by mutationSiBS1We would not
lethality; rad12-hdhas a deletion of the entire helicase domainanticipate thatad12 top3double mutants would grow at wild-
while rad12-K5471 has a point mutation at the invariant lysine type rates aS§.pombe rad18ingle mutants already grow more
that should eliminate ATP binding and helicase activity (see Figslowly and have reduced viability compared with wild-type
4A). rad12-hdis a null mutant eliminating the terminal two-thirds cells. However, thead12 top3double mutants do not recover
of the gene. Théop3:kark mutation was introduced into each of to the growth rates of thead12 single mutants. This result
theserad12 strains by gene replacement and the double mutantfemonstrates that Top3 must also function independently of
analyzed for viability and cell growth. Both double mutants wereRad12. This does not appear to be the cass.aerevisiaelt
viable, showing that either mutation suppresses the lethal effeatsay eventually be shown that for Rad12 it has functions that
of deletingtop3 The fact that a point mutation thought to inacti- are independent of Top3.
vate the helicase activity of Rad12 suppresses loss of Top3 argued he rad12-hddeletion mutant grows much better than the
that the helicase activity is responsible for this lethality, howevernad12-K547Ipoint mutant. These data suggest that the pres-
the degree to which these two alleles could suppress the lethalignce of Rad12 with an inactivated helicase is detrimental to the
differed greatly. In the case cdid12-hd top3karR we found that  cell. Results from botlS.pombeand S.cerevisiassupport the
cell viability was 19%, compared with 31% for thied12-hd  conclusion that most of the effects associated with loss of Top3
single mutant. The doubling time ford12-hd top3karfwas 2h  depend on the presence of Rad12/Sgs1. Together, our results
39 min, a 17 min decrease from ttagl12-hdsingle mutant. There demonstrate that Top3 and Rad12 play similar roles to their
is a correspondingly small increase in morphological aberrationsounterparts ir8.cerevisiachowever, differences suggest that
seen in the double mutant compared with the single mutant akey appear to play a more complex roleStpombeWhile
well. In contrastrad12-K547Imutants were much less efficientin there is a large body of data concerning phenotypes associated
suppressing the lethality abp3:karR. rad12-K5471 top3karR  with loss of the RecQ helicases and Topo llI, the actual
had greatly reduced cell viability, extremely slow cell growth andbiological functions of these proteins remain to be determined.
extreme morphological changes to the cells. The viability of
rad12-K5471 top3kark was only 8%, with a doubling time of 3 h
43 min. The reduced viability and growth kinetics are borne out b)'/\lOTE
the extreme level of morphological abnormalities seen in thesghe authors note that during the time in which this work was
double mutants (Fig. 6). It should be noted that while it is assumednder review a manuscript similar in scope was published in
that therad12-K547Imutant lacks helicase activity, it is possible Nucleic Acids Researd|38).
that low levels of activity exist and this could be the cause of the

reduced viability seen in this mutant compared withrée 2-hd
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